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ABSTRACT  
   
Commercial Li-ion cells (18650: Li4Ti5O12 anodes and LiCoO2 cathodes) were subjected 
to simulated Electric Vehicle (EV) conditions using various driving patterns such as 
aggressive driving, highway driving, air conditioning load, and normal city driving. The 
particular drive schedules originated from the Environment Protection Agency (EPA), 
including the SC-03, UDDS, HWFET, US-06 drive schedules, respectively. These drive 
schedules have been combined into a custom drive cycle, named the AZ-01 drive 
schedule, designed to simulate a typical commute in the state of Arizona. The battery cell 
cycling is conducted at various temperature settings (0, 25, 40, and 50 °C). At 50 °C, 
under the AZ-01 drive schedule, a severe inflammation was observed in the cells that led 
to cell failure. Capacity fading under AZ-01 drive schedule at 0 °C per 100 cycles is 
found to be 2%. At 40 °C, 3% capacity fading is observed per 100 cycles under the AZ-
01 drive schedule. Modeling and prediction of discharge rate capability of batteries is 
done using Electrochemical Impedance Spectroscopy (EIS). High-frequency resistance 
values (HFR) increased with cycling under the AZ-01 drive schedule at 40 °C and 0 °C. 
The research goal for this thesis is to provide performance analysis and life cycle data for 
Li4Ti5O12 (Lithium Titanite) battery cells in simulated Arizona conditions. Future work 
involves an evaluation of second-life opportunities for cells that have met end-of-life 
criteria in EV applications.  
  ii 
ACKNOWLEDGMENTS  
   
I would like to express my appreciation to Professor Arunachala Mada Kannan, Professor 
Jeffrey Wishart, and Professor Nam Changho for the support of my master research, for 
their help, and patience. It was a pleasure to work under their supervision. 
  iii 
TABLE OF CONTENTS  
          Page 
LIST OF TABLES .................................................................................................................... v  
LIST OF FIGURES ................................................................................................................. vi  
CHAPTER 
1 INTRODUCTION  ................................................................................................ 1  
2 LITHIUM ION BATTERIES  ............................................................................... 3  
3 LITHIUM TITANATE  ......................................................................................... 5  
4 LITREATURE REVIEW  ..................................................................................... 8  
5 OBJECTIVES  ..................................................................................................... 11  
6 EXPERIMENT .................................................................................................... 14  
7 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY ............................. 19  
8 RESULTS AND DISCUTIONS ......................................................................... 21  
9 CAPACITY FADING UNDER VARIOUS TEMPERATURES ...................... 29  
10 EIS ANALYSIS AND POWER LOSS ............................................................... 33  
11 CONCLUSION AND FUTURE WORK............................................................ 36  
REFERENCES  ...................................................................................................................... 38 
  iv 
LIST OF TABLES 
Table Page 
1.       CATHODE MATERIALS IN LIBS ....................................................................... 4 
2.       SPINEL LTO ANODE AND VARIOUS CATHODE MATERIALS .................. 5 
3.       MANUFACTURER SPECIFICATION FOR LTO CELLS ................................ 14 
 
  v 
LIST OF FIGURES 
Figure Page 
 
1. AZ-01 VELOCITY PROFLE…………………………………………………...13 
2. AZ-01 CURRENT PROFILE……………………………………………………13 
3. BATTERY PACK-1 CONSISTS OF 6 CELLS CONNECTED IN PARALLEL14 
4. EXPEREMENT SET UP………………………………………………...……....15 
5. ACCELERATED TEST PROCEDURE FLOWCHART …………………….....17 
6. DISCHARGE PROFILE FOR ONE AZ-01 DRIVE SCHEDULE………………22 
7. ABOUT 12 AZ-01 DRIVE CYCLES ARE REQUIRED TO DEPLETE THE 
BATTERRY TO 1.5V……………………………………………………..…......23 
8. BATTERY PACK-1 DISCHARGE PROFILE UNDER AZ-01 DRIVE CYCLE.24 
9. BATTERY PACK-2 DISCHARGE PROFILE UNDER AZ-01 DRIVE CYCLE.25 
10. BATTERY PACK-3 DISCHARGE PROFILE UNDER AZ-01 DRIVE CYCLE.25 
11. BATTERY PACK-1 CHARGING PROFILE AT 1C RATE……………………26 
12. BATTERY PACK-2 CHARGING PROFILE AT 1C RATE……………………26 
13. BATTERY PACK-3 CHARGING PROFILE AT 1C RATE……………………27 
14. BATTERY PACK-1 CHARGING PROFILE AT C/5 RATE……….………..…27 
15. BATTERY PACK-2 CHARGING PROFILE AT C/5 RATE……………………28 
16. BATTERY PACK-3 CHARGING PROFILE AT C/5 RATE…………………....28 
17. BATTERY PACK-1 DISCHARGE CAPACITY……………………………..…30 
18. BATTERY PACK-2 DISCHARGE CAPACITY………………………..………31 
19. BATTERY PACK-3 DISCHARGE CAPACITY…………………………..……31  
  vi 
20. BATTERY PACK-3 FAILED AFTER 10 AZ-01 CYCLES AT 50 °C……….32 
21. IMPEDANCE SPECTRA FOR BATTERY PACK-2……………………….…..34  
22. IMPEDANCE SPECTRA FOR BATTERY PACK-3………………...……...….34 
23. HFR FOR BATTERY PACK-2………………………………………………….35 
24. HFR FOR BATTERY PACK-2……………………………………………….…35 
  7 
CHAPTER 1 
INTRODUCTION 
The competition to develop power sources to generate, deliver, and store energy for 
Electric Vehicles (EVs), Hybrid Electric Vehicles (HEVs) and Plug-in Hybrid Electric 
Vehicles (PHEVs), while overcoming greenhouse gas (GHG) emission issues and fossil 
fuel depletion, is increasing. The U.S. Environmental Protection Agency (EPA) reported 
in 2015 that about 56% of U.S. GHG emissions were caused by producing electricity and 
providing fuels for transportation [1]. Adopting EV technology will reduce or eliminate 
emissions caused by burning fuel used in transportation, reduce necessity for fossil fuel 
use, and lower electricity cost from the power grid. The competition between automakers 
toward producing EVs and PHEVs has grown in recent years. EVs operate only by 
electric power provided by the energy storage system (ESS), while PHEVs operate with 
both an Internal Combustion Engine (ICE) and ESS. Therefore, it is significant for the 
ESS to have the high energy and high peak power required to drive the vehicle [24]. 
Since the ESS accounts for about 40% of the cost of an EV [3], it is important to 
consumers that this battery will last 15 years as targeted by US Advanced Battery 
Consortium (USABC) [4]. The Department of Energy’s Vehicle Technology Office has 
also set the target EV battery cell cost to less than $100/kWh and increasing the driving 
range to 300 miles [7]. Extensive research has been done in the field of battery chemistry 
to find the most reliable energy storage devices. Among various cell chemistries, 
Lithium-ion batteries (LiBs) have become the favored category of cell chemistry for 
mobile ESS applications due to intrinsic characteristics for this type of batteries. 
Compared to Nickel-Metal Hydride (Ni-MH) and Lead-Acid (Pb-Acid) cell chemistries, 
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LiBs have the highest energy, highest power density, lowest self-discharge, and longest 
cycle life [2]. These features make them a good candidate for automotive and smart grid 
applications.  
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CHAPTER 2 
LITHIUM ION BATTERIES 
There are two types of LiBs: primary and secondary. Primary batteries are discarded after 
use (i.e., after energy depletion), while secondary batteries can be recharged. The 
principle operation of a battery is based on converting the chemical energy contained in 
its active material (anode and cathode) into electrical energy through the chemical 
reactions of oxidation and reduction. The main components of a battery are the anode, 
cathode, electrolyte, and separator. The anode is the negative electrode that releases 
electrons to the external circuit and is oxidized during the chemical reaction. It is 
important when selecting the anode material to select one that has a high ability to lose 
electrons, or a high oxidation potential. The cathode is the positive electrode in the cell 
accepting electrons from the external circuit and is reduced during the electrochemical 
reaction. The cathode material should have a high ability to accept electrons, or a high 
reduction potential. Oxidation potential and reduction potential determine overall cell 
voltage as calculated by the following equation: 
Ecell = Oxidation Potential + Reduction Potential.  
Table 1 shows the commonly used cathode materials in LiBs, as well as the benefits and 
drawbacks of each [9]. Graphite is used as a regular anode electrode material for most 
LiBs. The need to replace graphite as an anode material in high-power LiBs has emerged 
due to the risk of short-circuiting the battery that is caused by the dendrite growth when 
using LiBs at high current and low temperature [19]. This issue introduces a severe safety 
problem to EVs and PHEVs.  
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Table 1 Cathode materials in LiBs [9] 
Name  Formula Short 
Name 
Abbreviation Benefits Drawbacks 
Lithium 
Cobalt 
Oxide 
LiCoO2 Li-Cobalt  
 
LCO High 
energy 
density 
Short life, 
limited load 
capabilities 
Lithium 
Manganese 
Oxide 
LiMn2O4 Li-
Manganese 
Spinel 
LMO Safe, 
high 
specific 
power 
Limitation 
in lifetime 
Lithium 
Iron 
Phosphate 
LiFePO4 Li-
Phosphate 
 
LFP  Most safe Fast self-
discharge 
Lithium 
Nickle 
Manganese 
Cobalt 
Oxide  
LiNixMnyCozO2 
(10-20% Co) 
NMC 
 
NMC 
 
High 
capacity, 
high 
power 
Difficult to 
manufacture 
 
  11 
CHAPTER 3 
LITHIUM TITANATE  
Lithium Titanite, also referred to as LTO (Li4Ti5O12), is an alternative anode electrode 
material to the more common graphite. Despite its low theoretical capacity of 175 mAh/g 
compared to the graphite (theoretical capacity larger than 300 mAh/g), LTO is known for 
its high level of safety and long cycle life. LTO also has high operating voltage of 1.5 V 
versus Li/Li+. The high operating voltage of LTO reduces the overall operating voltage of 
the battery, thus decreasing the battery’s energy density, but increasing the safety 
properties of the battery. Table 2 shows the battery voltage that could be achieved when 
combining the LTO anode with the various cathode materials [22,23].  
 
Table 2 Spinel LTO anode and various cathode materials [22,23] 
LTO/Cathode material Voltage 
LTO/LiNi
0.5
Mn
1.5
O
4
 3.2 V 
LTO/Li
2
Co
0.4
Fe
0.4
Mn
3.2
O
8
 3.5 V 
LTO/LiFePo
4
 1.9 V 
LTO/Li
1.1
Ni
0.3
CO
0.3
Mn
0.3
O
2
 (L333) 2.3 V 
LTO/LiCoO
2
 2.4 V 
LTO/LiMn
2
O
4
 2.6 V 
 
LTO is described as “zero-strain insertions material” because the volume change is only 
0.2-0.3% during charging and discharging [8]. T. Nordh et el. [9] also verified the zero-
strain ability for LTO by investigating Li4Ti5O12 as an anode material for LiBs using in-
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situ X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) analyses. The 
study results indicate that the LTO anode material outperforms graphite in the volume 
change metric as the latter experienced a 10% volume change during discharge.  
Belharouak et al. [32] investigated the high pulsing capabilities of the Li4Ti5O12 anode 
paired with LiMn2O4 (LMO) as the cathode material. This capability is required for 
HEVs and PHEVs in real-world use. The investigation included using the hybrid pulsed 
power characterization (HPPC) test and measuring the Area Specific Impedance (ASI). 
The results were below 35 Ω·cm-2 [31], which is the maximum limit for ASI values. In 
this study, the reported capacity fading was more than 40% in the graphite and LMO cell 
while only 10% capacity fading was reported in the LTO/LMO cell. In addition, the 
LTO/LMO cells retained more than 92% of their initial capacity after 1,000 cycle at high 
rates (10C) charge and discharge at 25 °C. These characteristics of LTO batteries make 
them potential candidates for the next generation of LiBs for EV and PHEV applications. 
One of the major challenges that faces Li-ion battery applications in EV and PHEVs is 
the degradation that occurs with time at low and elevated temperature.  Therefore, it is 
difficult to predict how long the ESS of an EV or PHEV will last. The performance of 
LiBs is dictated by the operating temperature, SOC, and current. High temperature can 
lead to gas generation which could cause venting or swelling that might lead to a 
reduction of the life cycle [5]. The issue regarding performance of LiBs at elevated 
temperature arose prominently in 2012, when Nissan Leaf customers in Arizona and 
California sued Nissan in a class action law suit accusing Nissan of obscuring the Leaf 
vehicles’ design defect (Thermal management defect) that caused the premature loss in 
driving range [6]. Capacity degradation in LiBs could not be fully resolved given 
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technology at the time [31]. Operating LiBs at high charge and discharge rates and high 
SOC may also lead to battery degradation. Anode electrode degrades faster when the 
cycling occurs at high discharge rates and high SOC because of the mechanical stress on 
the anode that changes its orientation [34]. The growing adoption of EVs and PHEVs 
increases the demand to maintain optimal operating conditions for each cell chemistry to 
provide the appropriate electrical and thermal management system and to give 
appropriate driving range prediction. 
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CHAPTER 4 
LITREATURE REVIEW 
Despite the advantages of LTO-based battery chemistry, researchers reported significant 
issues that could limit the LTO application in EVs and PHEVs. A severe inflammation is 
reported when this chemistry is operated under elevated temperatures caused by gas 
evolution [10]. Therefore, using LTO batteries for EV and PHEV applications may be 
challenging in hot climates. Many studies have been done to investigate the gassing 
phenomena in LTO battery and to resolve it. J. Guo et al. [11] related the H2 and CO2 gas 
generation from LTO electrode with the existence of more (111) planes orientation than 
(400) planes orientation and designed binder-free LTO- rutile TiO2 (LTO-RTO) electrode 
via partially topotactic conversion of RTO nanowire array that can be safely cycled 
without gassing at 60 °C. Z. Lan et al. [12] proposed a new strategy that improves the 
performance of LTO batteries at elevated temperature and suppress the gassing 
phenomenon by forming a Lithium-Fluoride (LiF) Solid Electrolyte Interface (SEI) layer 
coated onto LTO to limit the reaction between LTO and the electrolyte. 
T. Nordh et el. [14] investigated the solid electrolyte interface on Li4Ti5O12 using 
synchrotron-based photoelectron spectroscopy and confirmed a layer formation on LTO 
electrodes of LiPxFyOz C-O containing species of ethers, P-O compounds, and lithium 
fluoride. This study proves that the LiPF6 salt decomposes with cycling because the P-O 
compounds are found to be higher on the SEI layer of the 100 cycle sample LTO 
electrode than the 5 cycle sample LTO electrode. This study suggested using more stable 
salt due to LiPF6 decomposition.  
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 X. Cao et al. [13] studied the LiPF/ organic carbonate versus LiTFSI/pyrrolidinium bis 
(trifluoromethane-sulfonyl) imide room temperature ionic liquid (RTIL) based electrolyte 
on the high voltage LiNi0.5Mn1.5O4/ Li4Ti5O12 Li-ion cells at elevated temperature using 
scanning electron microscopy (SEM), and X-ray diffraction (XRD). They reported a 
significant enhancement in capacity retention and columbic efficiency associated with 
using LiTFSI/RTIL based electrolytes when cycling at elevated temperature (60 °C) that 
reduced Li+ loss, reduced the charge transfer impedance, and improved electrode 
electrolyte interface. Their results confirm that the Li+ loss and the cathode electrolyte 
interface are the main sources for capacity fading and degradation of the battery at 
elevated temperature. 
H. Chieh-Chiu et al. [18] studied capacity fade mechanism of Li4Ti5O12 nanosheet anode 
using scanning electron microscopy (SEM), PXRD and X-ray absorption fine structure 
(XAFS) and suggested two different mechanisms for the capacity fade of LTO nanosheet 
electrode that could be attributed to the irreversible capacity loss that caused by surface 
reconstruction and relaxation of LTO electrode in addition to the spontaneous reduction 
reaction between LTO electrode and the electrolyte (dimethyl carbonate and ethylene 
carbonate in LiPF6) that leads to the growth of SEI layer and the swelling phenomenon in 
LTO. Their study proves the poor thermal stability of (dimethyl carbonate and ethylene 
carbonate in LiPF6) electrolyte at elevated temperature. Moreover, this study proves that 
Li+ loss and the increase of the polarization of LTO nanosheets are the main reasons for 
the capacity fading.  
H. Qian et al. [20] investigated the electrochemical performance of Li4Ti5O12 based 
anode materials at low temperature (0 °C to - 40 °C) using X-ray diffraction, 
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galvanostatic charge and discharge test, and field emission scanning electron microscopy 
and found performance to decrease at low temperature due to the decrease in the 
electrolyte ionic conductivity when cycling at low temperature, change in crystal 
structure as the Li-ion diffusion path changes from 8a-16c-8a path to 8a-32e-32e-8a path 
which results in decrease in Li-ion diffusion, and decrease in Li4Ti5O12 dynamics. 
J. Chen et al. [21,22] reported that increasing the porosity of the wall structure and 
decreasing agglomeration of LTO active materials by constructing them into 3 
dimensionally ordered macroporous enhances the rate capability of Li4Ti5O12 (faster 
lithium diffusion) and provides high capacity at high discharge rate. The SEM and TEM 
micrograph tests that were used in the study confirm that the nanometer scale walls 
decreases the Li-ion diffusion path and provides an improved contact between the 
electrode and electrolyte.  
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CHAPTER 5 
OBJECTIVES  
The main objective of this thesis is to examine the performance of a LTO/LiCoO2- LiBs 
subjected to various driving patterns such as aggressive driving, highway driving, air 
conditioning load, and normal city driving.  The particular drive schedules originated 
from the Environment Protection Agency (EPA), including the SC-03, UDDS, HWFET, 
US-06 drive schedules, respectively. These drive schedules have been combined into a 
custom drive cycle, named the AZ-01 drive schedule, designed to simulate a typical 
commute in the state of Arizona. 
Analyzing capacity fading of LTO batteries while exposed to different conditions at 25, 
0, 40 and 50 °C provides an idea of how LTO battery system would degrade in the 
Arizona climate. Moreover, the effect of the operating temperature is investigated using 
Electrochemical Impedance Spectroscopy (EIS). The EIS measurement were carried out 
at 100% SOC after EV drive cycles simulation. The goal for the results of this thesis is to 
provide LTO battery performance analysis and life cycle data that could be used to ensure 
the sustainability of ESSs in Arizona conditions. 
Electrochemical performance of LTO batteries decreases when operating the battery at 
high temperature [11] or low temperatures [20]. One way to verify the battery 
performance utilizes testing of the battery cells in a controlled environment of a battery 
cycler and using the current duty cycle extracted from a vehicle driven over a particular 
drive schedule; the latter is often used in conjunction with a chassis dynamometer to 
estimate the fuel economy and emissions of a vehicle by simulating the speed required to 
propel the vehicle at every second during the trip [15]. The EPA designed various drive 
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schedule to test vehicles. The drive cycles that are used to calculate the fuel economy of 
new vehicles in the U.S. the US-06 Supplemental Federal Test Procedure (US06), the 
Urban Dynamometer Driving Schedule (UDDS), the Highway Fuel Economy Test 
(HWFET), and the Supplemental Federal Test (SC-03) [17].  A new drive schedule, 
named the AZ-01, was devised using portions of the above drive schedules to simulate a 
typical commute in Arizona that includes aggressive, city, and highway driving, as well 
as air conditioning load. Figure 1 shows the AZ-01 velocity profile which starts with half 
of SC0-3 that has an average and a maximum speed of 18.6 and 43.5 mph, respectively. 
UDDS drive cycle was added to simulate city driving which has an average velocity of 
19.5 mph and a maximum velocity of 56.7 mph. The first and last quarters of HWFET 
were added to simulate highway driving. The HWFET section has a maximum velocity 
of 59.2 mph and an average velocity of 44.5mph. The last section of AZ-01 incorporated 
US-06 drive cycle to simulate aggressive driving. US-06 drive cycle has a maximum and 
average velocity of 80.3 and 48 mph, respectively. AZ-01 drive cycle runs for 
approximately 44 minutes, covers 16.04 miles, and has an average velocity of 21.74 mph. 
Figure 2 shows the AZ-01 current profile that is derived from the velocity profile. The 
drive cycles are converted from the velocity profile of a conventional vehicle into the 
current profile that the vehicle would demand from a battery of an EV. Peterson et al. 
[16] published the method to drive the current profile from the velocity profile.  
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                        Figure 1 AZ-01 velocity profile 
 
                              Figure 2 AZ01 current profile 
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CHAPTER 6 
EXPERIMENT 
In the present thesis, cylindrical (type: 18650) LTO batteries were evaluated under AZ-01 
drive schedule at 0, 25, 40, and 50 °C. Sixteen cells were purchased from Battery Space. 
Table 3 shows the battery manufacturer’s specifications. Based on the cells operating 
voltage, the cathode material is LiCoO2. Three strings of batteries, labeled battery pack-1, 
battery pack-2, and battery pack-3, were assembled at Battery Giant store, as seen in 
Figure 3. Each string consists of six batteries connected in parallel, resulting in a battery 
pack capacity of 7.8 Ah and a voltage of 2.4 V.  
 
Table 3 Manufacturer Specifications for LTO cells 
 
 
 
Figure 3 Battery pack-1 consists of 6 cells connected in parallel 
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Battery test equipment Arbin BT-2000 series was used to cycle the battery with a 
maximum current range of -20 A to 20 A. A computer connected to the Arbin 
automatically monitors the battery’s charge and discharge capacity. Figure 4 shows the 
experiment set up. One of the main objectives for this project is to investigate the 
performance of LTO batteries in Arizona weather. To accurately simulate Arizona 
weather conditions, two devices were used. A thermal chamber (ESPEC) Criterion 
Temperature & Humidity Benchtop Chambers is used to create a 0°C environment, while 
an oven is used to create the 40 °C and 50 °C environments., 
 
 
Figure 4 Experiment set up 
 
Each set of the LTO battery pack was connected to the Arbin channel. Initially, the three-
battery packs were cycled at C/2 rate (3.9 A) between the fixed upper and lower voltage 
limits, 2.85V and 1.5V, respectively. Initial capacity testing was performed to determine 
the rated capacity in addition to columbic efficiently. The Arbin was programmed to 
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cycle cells 5 times (one charge and one discharge is one cycle) with 5 minute rests 
between cycles at 25 °C. This test was followed by another two tests at C/5 rate at 25 °C.  
The flow chart in Figure 5 shows the test protocol that was followed to perform the 
accelerated degradation experiment. In this experiment, batteries were continuously 
discharged from 100% to 0% to force rapid degradation. First, battery packs were 
charged at a 1C rate to the 2.85 V cutoff voltage followed by a 5 minute rest. Then, cells 
were subjected to repeated AZ-01 current load schedules to fully discharge the battery 
pack to 1.5 V cutoff voltage. To measure the charge and discharge capacity, cells were 
then charged to 2.85 V at a C/5 rate, followed by ten  minute rest and then discharged to 
1.5 V at C/5 rate. This protocol was repeated to complete six cycles. Finally, cells were 
charged to 2.85 V to measure the cell impedance at 100% SOC after two hours rest at 
room temperature.  
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                  Figure 5 Accelerated test procedure flowchart 
Each battery pack required 12 cycles, on average, to fully discharge the battery from 2.85 
V to 1.5 V under AZ-01 drive schedule. After completing 24 cycles at room temperature, 
the three LTO battery packs experienced different temperature settings to elucidate the 
temperature impact on degradation. Battery pack-1 cycling was carried out at three 
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conditions. First, battery pack-1 was placed in a thermal chamber and the temperature 
was set at 0 °C. After completing 32 cycles on the thermal chamber, battery pack-1 was 
placed in an oven at 50°C to examine elevated temperature effect on the battery pack. 
Battery pack-2 was placed in a thermal chamber and the temperature was set to 0 °C. 
After 205 cycles the temperature was set at 40 °C. Battery pack-3 was placed in an oven 
and the temperature was set at 40 °C. After 139 cycles, the temperature was set at 0 °C.  
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CHAPTER 7 
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
To understand the performance of a Li-ion battery, it is important to investigate the major 
chemical reactions inside the battery and fully examine the effects of ambient 
temperature on these chemical reactions. Analyzing the battery’s failure modes under 
cycling in Arizona weather prevents energy and power loss and may lead to maximizing 
the battery’s life time. Understanding which weather conditions affect the impedance of a 
battery helps in the process of selecting proper chemistry materials that are suitable for 
different climate conditions. It also benefits in the process of designing the thermal 
management system to keep the battery within the desired temperature level. The 
Electrochemical Impedance Spectroscopy experiment is extensively used to measure the 
battery’s impedance. In this technique, an Alternating Current (AC) signal pulse is 
applied to the battery over a wide range of frequencies, during which the battery 
impedance is measured. The battery components have a time-related reaction to current.  
The theoretical curve that explains the impedance spectrum of the battery over a wide 
range of frequencies consists of five regions. The first section is at high frequencies and 
displays an inductive effect that is attributed to the inductance of wires and metal 
elements in the battery. The second section displays ohmic resistance (R) of the cell at the 
point where the curve intersects with the real axis (Zre), which is attributed to total 
resistances of electrodes, electrolytes, current collectors, and separators. The third section 
displays a semi-circle that is caused by Solid Electrolyte Interface (SEI) formation [25] 
on the surface of the anode during battery cycling [26]. The fourth section displays the 
second semi-circle arc, which characterizes the double layer capacity and charge transfer 
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resistance at the electrodes [27,28]. The fifth section is at low frequencies displays a line 
that represents the electrodes’ diffusion processes [28,29]. BCS-810 EIS test equipment 
was used to run the impedance experiment in a frequency range of 10 kHz to 10 MHz 
and a voltage amplitude of 10 mV at 100% SOC after two hour rest at room temperature. 
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CHAPTER 8 
RESULTS AND DISCUTIONS 
Initial discharge capacity at C/2 rate after the first cycle was measured at room 
temperature and found to be 7.45 Ah, 7.57 Ah, and 7.65 Ah for battery pack-1, battery 
pack-2, and battery pack-3, respectively. Coulombic efficiency (CE) was found to be 
97.5%. Essentially, charged and discharge capacity can be calculated by the following 
equation: 
 =  ∗  
 =  ∗  
where I is the constant current, tc and td are charge and discharge time, respectively, and 
Qc and Qd are the charge and discharge capacity, respectively. 
The columbic efficiency can be calculated by the following equation: 
	 = / 
It took a battery approximately 2 hours to fully charge to 2.85 V and 1.92 hours to fully 
discharge to 1.5V. To ensure that the battery packs deliver maximum capacity, C/5 rate 
charge and discharge cycling is performed in all battery packs. Discharge capacity was 
measured at room temperature and found to be 7.83 Ah, 7.59 Ah, and 7.9 Ah for battery 
pack 1, battery pack 2, and battery pack 3, respectively. Figure 6 shows an example 
voltage profile under the AZ-01 drive schedule simulation at room temperature.  
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Figure 6 Example discharge profile for one AZ-01 drive schedule 
The voltage profile shows one AZ-01 drive cycle which runs for nearly 44 minutes. 
Battery packs complete approximately 12 AZ-01 cycles to discharge the battery pack 
from 2.85V to 1.5V at the beginning of cycling at 25 °C as shown in Figure 7. It takes 
each battery pack approximately 8 hours to fully discharge to 1.5 V. A drop in the cell 
voltage values at the beginning and towards the end of discharge is observed in the 
discharge profile. The AZ-01 voltage discharge profile displays a steady voltage plateau 
in the middle of the discharge curve.  
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         Figure 7. Approximately 12 AZ-01 drive schedules are required to deplete the   
battery pack to 1.5 V at the beginning of cycling at 25 °C 
 
Figures 8, 9, and 10 show the discharge profiles of battery packs under the AZ-01 drive 
schedule at the beginning of cycling at 25 °C and at the end of cycling at 0, 40, and 50 
°C. At the end of cycling at 0 °C, the voltage profile shifts to the left for the three battery 
packs. The three battery packs required shorter time to discharge to 1.5 V compared to 
the discharge time at 25, 40, and 50 C°. When cycling at 50 °C, the voltage profile shifts 
to the right and the battery pack-1 required longer time to discharge to 1.5 V compared to 
the discharge time at 25 °C and 0 °C. At cycle 139 at 40 °C, the voltage profile for 
battery pack-3 shifts to the left which could be attributed to the degradation of active 
materials. 
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             Figure 8 Battery pack-1 discharge profile under AZ-01 drive cycle 
 
            Figure 9 Battery pack-2 discharge profile under AZ-01 drive cycle 
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                Figure 40. Battery pack-3 discharge profile under AZ-01 drive cycle 
Figures 11, 12, and 13 show the charging profiles at 1C rate for the battery packs at the 
beginning of cycling at 25 °C and at the end of cycling at 0, 40, and 50 °C. The three 
battery packs required shorter time to charge to 2.85 V at 0 °C compared to the charge 
time at 25, 40, and 50 °C.  
 
 
                    Figure 11. Battery pack-1 charging profile at 1C rate 
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                     Figure 12 Battery pack-2 charging profile at 1C rate 
 
 
              Figure 13 Battery pack-3 charging profile at 1C rate 
Figures 14, 15, and 16 show the discharge profiles for the battery packs at C/5 rate as a 
function of their discharge capacity at the beginning and end of cycling at various 
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temperatures. When cycling at 50 °C, the available discharge capacity is found to be 
higher than the available discharge capacity when cycling at 25 °C and 0 °C. 
 
 
                      Figure 14 Battery pack-1 charging profile at C/5 rate 
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                   Figure 15 Battery pack-2 charging profile at C/5 rate 
 
                        Figure 16 Battery pack-3 charging profile at C/5 rate 
 
  35 
CHAPTER 9 
CAPACITY FADING UNDER VARIOUS TEMPERATURES 
Cyclability data for battery packs, which represent the capacity that battery packs deliver 
as a function of their discharge cycle number, are shown in Figure 17, 18, and 19 for 
battery packs tested at 25, 0, 40, and 50 °C. After cycling the battery packs 24 cycle at 
room temperature, the battery packs showed different capacity degradation rates. The 
capacity fading is 0.77 %, 0.66%, and 1 % for battery packs-1, battery packs-2, and 
battery pack-3, respectively. Battery pack-1 showed lower discharge capacity values at 0 
°C compared to the discharge capacity values at 25 °C after the 25th cycle. The available 
capacity at 0 °C is about 11.6% lower than at 25°C due to the decrease in the electrolyte 
ionic conductivity when cycling at low temperature that cause a decrease in lithium-ion 
diffusion [20]. After the 56th cycle (32 cycles at 0°C), battery pack-1 showed slow 
capacity degradation of about 0.8 %. Later, battery pack-1 was subjected to elevated 
temperature (50 °C). Battery pack-1 showed higher discharge capacity (7.95 Ah) at 50 °C 
after the 57th cycle compared to the discharge capacity at 25 °C. The increase in capacity 
value at 50 °C is attributed to the high electrolyte conductivity at elevated temperature 
[10]. After 10 cycles (66th) at 50 °C, battery pack-1 showed capacity loss of 0.6 % before 
the battery pack failed. Figure 20 shows the battery pack-1 deformed at 50 °C. It can be 
concluded that LTO batteries need an active thermal management system to keep the 
temperature within safe operation levels. 
Battery pack-2 also showed lower discharge capacity values at 0 °C than discharge 
capacity values at 25 °C. After 25 cycles, the available the discharge capacity at 0 °C is 
11% lower than at 25 °C. Capacity fading per 100 cycles of the AZ-01 drive schedule at 0 
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°C is approximately 2 % for battery pack-2. After 205 cycles, the temperature was set to 
40 °C. The available capacity at 40 °C at the 211th cycle is about 16% higher than at 0 °C. 
The increase in capacity value at 40 °C is also attributed to the high electrolyte 
conductivity at elevated temperature [10]. 
Battery pack-3 showed 3% capacity loss per 100 cycles at 40 °C. When battery pack-3 
was tested at 0 °C, a capacity drop of 17.8% was observed at cycle 145. The decrease in 
the electrolyte ionic conductivity when cycling at low temperature cause a decrease in 
lithium-ion diffusion [20] which reduces the available capacity in the cells. Overall, 
capacity degradation is found to be higher when cycling at 40 °C than at 0 °C. 
 
                              Figure 17 Battery pack-1 discharge capacity 
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                               Figure 18 Battery pack 2 discharge capacity 
 
                               Figure 19 Battery pack-3 discharge capacity 
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          Figure 20 Battery pack-1 failed after 10 AZ-01 cycles at 50 °C 
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CHAPTER 10 
EIS ANALYSIS AND POWER LOSS 
Figure 21 shows the impedance spectra of battery pack-2 cycled at 100% SOC under 
simulated AZ-01 drive schedule at various temperatures. At high frequencies, the 
impedance spectrum of the cells displays an inductive tail that is attributed to the 
inductance of wires and metal elements in the battery. The ohmic resistance (R) of the 
cell at the point where the curve intersects with the real axis (Zre) increased with cycling. 
After 77, 49, and 139 cycles, the High-Frequency Resistance (HFR) is found to be 12.5 
mΩ 13.8 mΩ, and 15.9 mΩ, respectively. The semicircular in mid frequency range is 
observed in all patterns that is attributed to the SEI formation [25].  
Figure 22 shows the impedance spectra for battery pack-3 at 100% SOC under simulated 
AZ-01 drive schedule at various temperatures. HFR values increase with cycling and is 
found to be 15.88 mΩ and 16.5 mΩ after 76 and 139 cycles, respectively. Figures 23 and 
24 show the HFR as a function of their cycle numbers. It is observed that the HFR 
increased with cycling which can be attributed to the loss of active materials during SEI 
layer formation. The increase in HFR values at elevated temperature can be attributed to 
weakening of cell kinetics, SEI formation and the loss of active materials [28,29,30]. The 
semicircular is increased with cycling at 40 °C which is an indication of increase in the 
ohmic resistance.  
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                       Figure 21 Impedance spectra for Battery pack-2 
 
                          Figure 22 Impedance spectra for battery pack-3 
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                           Figure 23 HFR for battery pack-2  
 
                         Figure 24 HFR for battery pack-3 
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CHAPTER 11 
CONCLUSION AND FUTURE WORK 
LiBs based on Li4Ti5O12 anodes and LiCoO2 cathodes were subjected to simulated EV 
conditions using a combination of driving patterns such as aggressive driving, highway 
driving, air conditioning load, and normal city driving created by EPA such as the US-06, 
HWFET, SC-03, and UDDS drive cycles, respectively, at 0, 25, 40, and 50 °C to insure 
the sustainability of EVs in Arizona conditions. At 50 °C under the AZ-01 drive 
schedule, battery pack-1 failed. Using LTO batteries for EVs requires an active thermal 
management system to ensure that the battery operates safely under high-temperature 
conditions. Capacity fading under the AZ-01 drive schedule at 0 °C per 100 cycles is 
found to be 2% for battery pack-2. At 40 °C, 3% capacity fading is observed per 100 
cycles of the AZ-01 drive schedule for battery pack-3. Power fading is analyzed using 
EIS. HFR values for battery pack-2 increased with cycling under the AZ-01 drive 
schedule at 40 °C and 0 °C which indicate power fading caused by loss of active 
materials. After 77, 49, and 139 cycles, the HFR for battery pack-2 is found to be 12.5 
mΩ 13.8 mΩ, and 15.9 mΩ, respectively. HFR values for battery pack-3 also increase 
with cycling and are found to be 15.88 mΩ and 16.5 mΩ after 76 and 139 cycles, 
respectively. After the EV testing, failure mode analysis is required to develop a model 
using impedance data at various cycles. Analysis of battery internal components 
responsible for reduction of capacity and power loss such as XRD techniques is also 
important to collecting the amount and size of crystalline structure in the surface and 
inside the bulk of material. This analysis helps elucidate about which chemical reaction 
(oxidation or reduction) is dominant and have larger effects on the impedance and 
  43 
capacity. After the EV studies, evaluation of Second Life opportunity for cells that have 
met end of life criteria will be conducted for LTO batteries to explore the possibility of 
using these batteries in stationary applications. 
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